Abstract-The novelty of the evolving electric power industry implies that researchers lack insight into numerous open problems. There is a growing need for advanced modeling approaches that simulate the behavior of electricity markets over time. Accordingly, this article looks at using software agents to help manage the complexity of electricity markets, particularly retail markets, towards ensuring long-term capacity sustainability. The article focuses on bilateral trading and describes some important features of an agent-based system for bilateral contracting with demand response. Special attention is devoted to two strategies for promoting demand response: a "volume management" strategy, for Buyer agents, and a "price management" strategy, for Seller agents.
I. INTRODUCTION
Traditional vertically integrated power utilities around the world have evolved from monopoly structures to open markets that promote competition among suppliers and provide consumers with a choice of services. Competition, open access, and the break-up of the traditional vertically integrated utility structure led to a radically different industry. In particular, the extensive restructuring process led to the establishment of a wholesale market for electricity generation, where competing generators offer their electricity output to retailers, and a retail market for electricity retailing, where end-use customers choose their supplier from competing electricity retailers.
Bilateral contracting has been a key market model and involves mainly the sale of large amounts of power (hundreds or thousands of megawatts) over long periods of time (several months to years). Market participants set the terms and conditions of agreements independent of a market operator-that is, the negotiating parties specify their own contract terms [4] .
This work was performed under the project MAN-REM: Multi-agent Negotiation and Risk Management in Electricity Markets (FCOMP-01-0124-FEDER-020397), and supported by both FEDER and National funds through the program "COMPETE−Programa Operacional Temático Factores de Competividade".
The novelty of the evolving electric power industry implies that researchers lack insight into numerous open problems that are being raised. Chief among these are the technical difficulties to understand the internal dynamics of deregulated electricity markets and the additional complexities to coordinate economic and financial issues. Clearly, there is a need for advanced modeling approaches that simulate the behavior of electricity markets over time and how market participants may act and react to the changing financial and regulatory environments in which they operate. Computational tools relying on software agents can play a particularly important role in the power industry, providing a source for strategic insight into the diverse aspects of the emerging electricity marketplaces. Software agents can be designed to act in open and distributed environments and to deal with complex dynamic interactions with limited resources.
An ongoing study is looking at using the potential of agent-based technology to help manage the complexity of electricity markets (EMs), particularly retail markets, towards ensuring long-term capacity sustainability. This paper focuses on bilateral trading and describes some important features of an agent-based system for bilateral contracting with demand response (DR). Buyer and Seller agents are equipped with a generic framework that handles two-party and multi-issue negotiation. They interact according to the rules of an alternating offers protocol and can pursue several negotiation strategies. Special attention is devoted to two strategies for promoting demand response: a "volume management" strategy, for Buyer agents, and a "price management" strategy, for Seller agents.
The remainder of the paper is organized as follows. Section II introduces demand response in the context of EMs. Section III presents some key features of an agentbased system for bilateral contracting with demand response, focusing on the DR management strategies. Section IV is devoted to related work and describes some prominent EM simulators. Finally, section V summarizes the most important conclusions and indicates avenues for future research.
II. DEMAND RESPONSE IN ELECTRICITY MARKETS
Demand response can be defined as changes in electric usage by end-use customers from their normal consumption patterns in response to changes in the price of electricity over time, or as incentive payments designed to induce lower electricity use at times of high wholesale market prices or when system reliability is jeopardized [1] , [17] . DR includes all intentional electricity consumption pattern modifications by end-use customers that are intended to alter the timing, level of instantaneous demand, or total electricity consumption.
There are two key categories of DR programs [17] : Incentive-based programs (IBP) and Priced-based programs (PBP). Incentive-based programs can be further divided into classical programs and market-based programs (e.g., emergency DR programs, demand bidding, and capacity market). Market based programs involve rewarding money to participants for their performance, depending on the amount of load reduction during critical conditions. Priced-based programs (PBP) have the main objective of flattening the demand curve by offering high prices during peak periods and lower prices during off-peak periods-the rates fluctuate according to the real time cost of electricity. In particular, time of use (TOU) rates consist mainly in differing the rates of electricity price per unit consumption in different blocks of time. The simplest TOU rate has two time blocks: peak and off-peak [1] . This dual peak/off-peak tariff can easily be extended and refined to a three-rate tariff (peak/medium/offpeak) or even an hour-wise tariff-that is, a 24-rate tariff. In this work, Buyer and Seller agents can negotiate hour-wise tariffs in a multi-agent electricity market (but see Section III, below). Now, customers participating in demand response options may adopt one (or more) of three basic groups of actions [17] . Each of these groups involves costs and measures taken by customers. The first group involves mainly reducing the electricity usage by consumers at times of high prices without changing their consumption pattern during other periods. For example, a residential consumer might switch lights off during an event, or a commercial facility might switch specific office equipment off. This option results in a temporary loss of comfort. The second group of actions involves rescheduling activities from periods of high prices to off-peak periods. For example, a residential customer might delay switching on a dishwasher until later in the day, or an industrial facility might decide to reschedule a batch production process to the evening hours or the next day. In the third group, customers may simply use onsite generation (customer owned Distributed Generation). Accordingly, they may experience little or no change in their electricity usage pattern [1] . In this work, Buyer/Consumer agents can pursue a "volume management" strategy, which is related to the second group of actions (see next section).
III. BILATERAL TRADING WITH DEMAND RESPONSE
This section focuses on bilateral contracts, either physical or financial, between a buyer and a seller pair, and describes some key features of an agent-based system for bilateral contracting with demand response in a retail electricity market. The major components of the system include a graphical user interface, a simulation engine, and a number of domain-specific agents. The graphical user interface allows users to set agent-specific parameters, specify and monitor negotiation simulations, gather simulation reports, and perform a variety of administrative tasks such as saving simulations (see Figure 1) . The simulation engine does not rely on any domain-specific knowledge and controls all negotiation simulations. The agents are computer systems capable of flexible, autonomous action and able to communicate, when appropriate, with other agents to meet their design objectives. They are being developed using the JAVA programming language and the JADE platform.
At present, we are working on the following types of agents:
• Retailer or Supplier agents: represent the business units that sell electricity to consumers; they buy energy from a wholesale market and sell energy to a retail market; • Customer or Consumer agents: include residential, commercial, industrial, and other electricity consumers; • Trader agents: promote liberalization and competition, and simplify dealings between sellers and buyers; • Market agents: analyze the technical feasibility of all negotiated contracts; also, they maintain system security, administer transmission tariffs, and coordinate maintenance scheduling. The agents are equipped with a generic model of individual behavior (see also [7] , [8] and [11] ). Also, Buyer and Seller agents are equipped with a negotiation framework that handles two-party and multi-issue negotiation (see also [10] , [11] , [12] and [9] ). Negotiation proceeds through several distinct stages or phases, notably a beginning or prenegotiation phase, a middle or actual negotiation phase, and a resolution or post-negotiation phase [6] .
Let Ag s denote a seller agent and Ag b a buyer agent. The negotiation issues are the prices and volumes of energy. Let P Pre-negotiation is the process of preparing and planning for negotiation and involves mainly the creation of a welllaid plan specifying the activities that the agents Ag s and Ag b should attend to before actually starting to negotiate. Specifically, to carefully prepare and plan, Ag s and Ag b should make efforts to prioritize the issues at stake, define limits and targets, and specify preferences to rate and compare incoming offers and counter-offers.
Actual negotiation or simply negotiation is the process of moving toward agreement. The agents Ag s and Ag b interact and trade according to a specific protocol-that is, a set of rules that define how negotiation proceeds, specifying what actions are allowed and when. In this work, we consider an alternating offers protocol [14] . The agents bargain over the division of the surplus of n ≥ 2 issues by alternately submitting offers at times in T = {1, 2, . . .}. This means that one offer is made per time period t ∈ T , with an agent offering in odd periods and the other agent offering in even periods. An offer (or proposal) is a vector specifying a division of the surplus of all the issues. After receiving an offer, an agent can either accept it, reject it and opt out of the negotiation, or reject it and continue bargaining. In the first two cases, negotiation ends. In the last case, negotiation proceeds to the next time period, in which the other agent makes a counter-proposal (see Figure 1 ). The tasks just described are then repeated. As noted, the agents have the ability to unilaterally opt out of the negotiation when responding to a proposal.
The evaluation of offers is based on the preferences of the agents, according to an additive model [15] . We consider two utility functions: 
A. DR Management Strategies
The protocol marks branching points at which agents have to make decisions according to their strategies. Buyer and Seller agents have similar structures, but opposing interests and preferences. Accordingly, buyers (end-use customers) pursue strategies that minimize electricity cost, while sellers (retailers) adopt strategies that maximize profit. In this way, two different strategies for promoting demand response were developed: a "volume management" strategy, for buyers/customers, and a "price management" strategy, for sellers/retailers. Both strategies can be associated with consumption efficiency, representing actions related to the concepts of conservation, management and rational use of energy. A description of the strategies follows (see also [13] ).
1) Buyer Strategy: "Volume Management"
. This strategy has the main goal of minimizing the energy costs of enduse consumers through demand response actions. It aims at enabling consumers participating more actively in deregulated electricity markets. In particular, through DR actions, consumers can manage their energy consumption in response to high prices for different periods of the day. 
subject to:
The first constraint assures that the volume offered by Ag b is in the range of its acceptable values. The last constraint assures that the total quantity of energy (V b tot ) remains unchanged or close to an initial value.
Beyond the volumes of energy, Ag b also negotiates prices. Specifically, the prices offered in a new proposal are obtained by the following formula:
where P b inew is the new price to send by Ag b , P b iprevious is the previous price sent by Ag b , and k is a constant.
At this stage, we hasten to add an explanatory and cautionary note. The aforementioned optimization problem can be resolved by using lp solve, a linear (integer) programming solver based on the revised simplex method and the Branchand-bound method for integers. 
This constraint assures that the cost C i does not exceed the price of energy of Ag s . In the simulation, negotiation proceeds by an iterative exchange of offers and counter-offers. The customer agent adjusts its load profile using the "volume management" strategy, in response to prices submitted by the retailer agent, and simultaneously defines new values for its prices. Also, the retailer agent adjusts its prices using the "price management" strategy. 2 www.mibel.com 3 www.nyseg.com
The simulation ends in agreement before a pre-defined limit of proposals (7 proposals), namely after the retailer agent sending 3 proposals and the customer agent submitting 2. The results show that the customer agent transferred quantities of energy from the periods of greater importance, notably the periods 3, 6 and 4, to the periods during which the prices of the retailer agent are lower (periods 1, 2 and 5) (see Figure 1) . The quantities transferred to periods 1, 2 and 5 reached the maximum acceptable limits of Ag b , and the value of the volume from the 3rd period reached the minimum acceptable limit. The cost of energy has proven to be minimal for the distribution of the volumes in the final proposal. Furthermore, the retailer agent managed the prices by slightly reducing their values during the periods in which it has transferred a greater amount of energy.
IV. RELATED WORK
Multi-agent systems (MAS) represent a relatively new and rapidly expanding area of research and development. Simulators that use agent technology are basically imitations of the real world aiming at evaluating, in an economical way, the structure and behaviour of a system and/or the decisions adopted in that system. These tools can represent various entities present in EMs, with different objectives and behaviours [20] . A multi-agent simulation allows to analyze both the behaviour of the market as a whole and the individual behaviour of the various entities involved.
There are several simulators that use agent technology, including:
• EMCAS (Electricity Market Complex Adaptive System) [5] : software agents with negotiation competence use strategies based on machine-learning and adaptation to simulate electricity markets; • MASCEM (Multi-Agent System that Simulates Competitive Electricity Markets) [18] : a multi-agent tool that uses artificial intelligence techniques for modeling agents; this simulator is flexible, supports an open approach, and accounts for a diversity of EM models; it also supports demand side players and considers two types of demand side actions: participation in energy transactions (negotiating in pools and bilateral contracts), and participation in demand response programs.
• SEPIA (Simulator for the Electric Power Industry Agents) [3] : a specific tool for developing EM models with the objective of analyzing the behaviour of EM participants and their impact on the market.
There are also several tools developed to support decision making and validation in demand response programs that are not based in MAS. Generally, the existing software aims to assess the cost savings opportunities based on building and load characterization (ventilation, lighting, etc.).
The present situation of the demand response in the world is presented in [17] . Several implementations of demand response in wholesale markets are occurring in Europe [16] , China [19] , and several places around the world [2] .
V. CONCLUSION
This paper has presented the key features of an agentbased system for bilateral contracting with demand response in retail electricity markets. Buyer and Seller agents are equipped with a model of individual behavior and a negotiation framework that handles two-party and multi-issue negotiation. They interact according to the rules of an alternating offers protocol and can pursue several negotiation strategies. Special attention was devoted to two strategies for promoting demand response: a volume management strategy, for Buyer agents, and a price management strategy, for Seller agents.
As this research progresses, we aim to address multiple concurrent bilateral negotiations, coalitions of end-use customers, and contracts that involve both different levels of commitment and different sanctions for decommitment.
